Abstract-This paper proposes a new power control and pilot allocation scheme for device-to-device (D2D) communication underlaying a multi-cell massive MIMO system. In this scheme, the cellular users in each cell get orthogonal pilots which are reused with reuse factor one across cells, while the D2D pairs share another set of orthogonal pilots. We derive a closed-form capacity lower bound for the cellular users with different receive processing schemes. In addition, we derive a capacity lower bound for the D2D receivers and a closed-form approximation of it. Then we provide a power control algorithm that maximizes the minimum spectral efficiency (SE) of the users in the network. Finally, we provide a numerical evaluation where we compare our proposed power control algorithm with the maximum transmit power case and the case of conventional multi-cell massive MIMO without D2D communication. Based on the provided results, we conclude that our proposed scheme increases the sum spectral efficiency of multi-cell massive MIMO networks.
I. INTRODUCTION
D2D underlay communication and massive MIMO are two promising technologies that will appear in 5G networks [1] . D2D underlay communication enhances the spectrum utilization by reusing the cellular resources for direct communication between D2D pairs when the transmitter and receiver are closely located. It provides benefits such as offloading gains for cellular networks, higher data rate and lower transmission power between D2D users due to short-range communication [2] - [4] . Hence, D2D underlay communication increases spectral and energy efficiency of the cellular networks. These benefits come at the cost of causing extra interference to the cellular users (CUs) [5] - [7] . Massive MIMO improves spectral and energy efficiency of cellular networks by utilizing a large number of antennas at each base station (BS). It offers multiplexing gains and spatial interference suppression [8] - [10] . The latter seems to address the shortcoming of D2D underlay communication. Hence, the combination of these two technologies has received considerable attention. In prior works, D2D underlaying the uplink (UL) of massive MIMO systems has been investigated mainly for single-cell setups [11] - [13] . In these papers, the transmitter and receiver of a D2D pair are always physically located in the same cell. This simplifies the resource allocation since each D2D pair shares resources with a specific cell. The multi-cell scenario has only been studied in [14] . The authors in [14] investigate the interplay between massive MIMO and underlaid D2D for uplink data transmission in a multi-cell massive MIMO setup where the number of D2D pairs in each cell follows a Poisson distribution. A detailed analysis is provided for the case of perfect channel state information (CSI), in which they study the asymptotic and non-asymptotic SE of CUs and D2D pairs. They also perform channel estimation based on an orthogonal pilot training scheme that allocates orthogonal pilots to CUs and limited number of D2D pairs nearest to the location of the BS in their cell. In this case, they study the asymptotic and non-asymptotic SE of cellular users only. It is assumed that all users transmit with a predefined transmit power.
In contrast to most prior works, in this paper, we investigate a multi-cell massive MIMO setup with D2D underlaying where the D2D transmitters and receivers have arbitrary locations. It is assumed that the CUs in a cell have orthogonal pilots that are reused with reuse factor one between cells. In addition, the system consists of D2D pairs that are not belonging to any cell and share a network-wide set of orthogonal pilots. We investigate the channel estimation at cellular BSs as well as D2D receivers and derive a closed-form capacity lower bound for the CUs with either maximum-ratio (MR) and zero-forcing (ZF) processing. In addition, we derive a capacity lower bound for D2D communication. This lower bound is not in closed form as it contains an expectation with respect to the small-scale fading. Hence, to provide a tractable power control scheme, we derive a closed-form approximation of the capacity lower bound. Furthermore, we formulate and solve a power control problem, which jointly optimizes the power of CUs and D2D pairs to guarantee max-min fairness performance for cellular and D2D communications. Finally, we provide a numerical performance evaluation of our proposed algorithm.
II. SYSTEM MODEL
In this paper, we consider a multi-cell massive MIMO system consisting of B BSs, each equipped with an array of M antennas and each BS serves K single-antenna CUs. The system also contains L D2D pairs that are spread over the whole network and do not belong to any specific cell. The network model is illustrated in Fig. 1 . In this setup, we investigate D2D communication underlaying the UL transmission of the multi-cell massive MIMO system. The wireless channels are varying over time and frequency, which we model by block fading. We define the coherence interval of a channel as the time-frequency block in which the channel is constant and flat-fading and its size is τ c symbols [8] , [9] . The channels change independently from one block to another according to a stationary ergodic random process. The size of the coherence interval depends on two factors, which are the coherence time T c and the coherence bandwidth B c , and In our network setup, it is assumed that the BSs and D2D receivers have no prior channel state information at the beginning of a coherence interval; hence, channel estimation is carried out in each coherence interval. The communication therefore consists of two phases: UL pilot transmission and UL data transmission. To enable channel estimation, the CUs and D2D transmitters transmit pilot sequences of length τ in the pilot transmission phase and the remaining τ c − τ symbols are utilized in the data transmission phase. In this setup, we can construct τ orthogonal pilot sequences that are vectors of size τ . It is assumed that we have K orthogonal pilots for CUs that are reused in each cell and we have another set of N orthogonal pilots designated for the L ≥ N D2D pairs. For the aforementioned setup we have τ = N + K.
A. Uplink data transmission
The received signal at BS b during the data transmission is
(1) and the received signal at D2D receiver l is
where p 
III. ANALYSIS OF SPECTRAL EFFICIENCY
In this section, we derive the SEs achieved when using the communication setup defined in Section II. Pilot contamination arises between CUs due to the pilot reuse between cells and pilot contamination also arises between the D2D pairs that are using the same pilot.
A. Pilot transmission and channel estimation
We denote the matrix of pilot sequences as
contain the orthogonal unit-norm pilot sequences assigned for CUs and D2D pairs, respectively. The pilot φ 
and despreading by multiplication with Φ d yields
where p
N ×τ is the normalized additive white Gaussian noise at the BS b which has independent entries having the distribution CN (0, 1). The MMSE estimates of the channel vectors from CU k at BS b is [15] , [16] 
The MMSE estimate at BS b of the sum of the channel vectors
In addition, the MMSE estimates of the channel vectors from D2D transmitter l ∈ n i at BS b iŝ
The mean square of the channel estimates at the BS are
Note that the channel estimateĥ
of D2D transmitter l ∈ n i is a scaled version ofĥ b,ni , which is a property that we will utilize later.
The D2D receivers apply the same procedure for channel estimation. Therefore, the received signals at D2D receiver l from the pilot transmission of CU k located in cell b and D2D transmitter l ′ ∈ n i after despreading the signals are
where
of all transmitters, i.e., cellular and D2D, are used for channel estimation and the MMSE estimates of the channels from CU k located in cell b and from D2D transmitter l ′ ∈ n i are respectively given bŷ
In addition, the mean square of the channel estimates at D2D receiver l are
B. Spectral efficiency with MR processing
In this subsection, we assume that MR processing is applied at all BSs to detect the signals of their own users. We utilize the use-and-then-forget technique [8, Ch.3 ] to lower bound the capacity of each of the CUs, using the capacity bound for a deterministic channel with additive white non-Gaussian noise provided in [8, Sec. 2.3] . We get the following lower bound on the capacity of CU k in cell b:
is the effective SINR expression in which the numerator indicate the beamforming gain of the desired signal at BS b. In I mr b,k , the first term is the noise variance, the second term is non-coherent interference form CUs in contaminating cells, the third term is non-coherent interference from D2D communication, and the last term is coherent interference from CUs in other cell that are sharing pilot sequence with user k.
C. Spectral efficiency with ZF processing
In this subsection, we consider ZF processing at all BSs, instead of MR processing, to cancel interference between the users. In addition to cancelling intracell interference, we also cancel interference from the D2D transmitters. For ease of notation, we rewrite (1) in matrix form as
where 
, and estimation error matrices defined asH
(21) As mentioned previously, the channel estimates at BS b for D2D transmitters that use the same pilot are parallel vectors. Hence, the collection of N vectorĥ b,n1 , . . . ,ĥ b,nN from (7) contains scaled version of all the L channel estimateŝ h
to describe the channel directions that are relevant for interference mitigation at BS b. We can write this matrix aŝ 
Note that this ZF matrix will suppress interference not only between CUs, as in conventional massive MIMO, but also from D2D transmitters. After applying the ZF detection matrix to the received signal (21), we have a lower bound on the capacity of the CU k in cell b as
Similar to the case of MR processing, here
is the effective SINR expression in which the numerator is the coherent beamforming gain of the desired signal at the BS b. In I zf b,k , we have the noise variance, the non-coherent interference from CUs in contaminating cells, the non-coherent interference from D2D communication and the coherent interference from CUs in other cell that are using the same pilot sequence as user k. Note that the details of the derivation will be present in the journal version of this paper.
D. Spectral efficiency of D2D communication
To calculate the SE of the D2D transmissions, we use the MMSE estimates provided in (14) and (15) . To detect the desired data from D2D transmitter l, D2D receiver l multiplies the received signal in (2) with the complex conjugate of its channel estimateĝ l,d l , which corresponds to MR processing. In addition, D2D receiver l uses the channel estimatesĝ
′ as side-information during data detection. Hence, by utilizing the lower bound for a fading channel with additive non-Gaussian noise and side information provided in [8, Sec. 2.3], a lower bound on the capacity of the D2D communication of pair l is obtained and presented as R d l in (27) at the top of the next page. This expression is useful for SE computation but it is not in closed-form as it has an expectation with respect to the small-scale fading coefficients, thus it is not tractable for power control optimization. Hence, to provide a tractable power control algorithm, we compute an approximation of (27) by computing the expectation of the numerator and the denominator of the fraction inside the logarithm. The resulting approximation of the SE of D2D pair l is denoted asR d l and is given in (28) at the top of the next page. One can show that the approximation error is negligible for SEs' less than 3 [b/s/Hz], which is the relevant interval for max-min SE optimization.
IV. OPTIMIZATION OF POWER ALLOCATION
In this paper, the optimization objective is to maximize the minimum SE of the CUs in all cells as well as all the D2D
pairs. The max-min problem is written in epigraph form as
where λ indicates the quality of service (QoS) that is guaranteed to all CUs and all D2D pairs and this variable is to be maximized. In addition, P max > 0 is the maximum transmit power of the users. Note that we use the SE approximation in (28) for the D2D pairs to achieve a tractable problem formulation. To solve (29), we fix λ and solve the resulting linear feasibility optimization problem
We can then perform a line search for λ over the interval [0, λ u ], where λ u is the utopia point, such that the problem is infeasible at this point. It is given as
in the case of MR processing and with ZF processing it is
We can apply the well-known bisection line search algorithm to solve the problem (29) as a sequence of linear feasibility problem of the type in (30).
V. NUMERICAL RESULTS
In this section, we provide a numerical evaluation of the performance of the power control algorithm proposed in Section IV. Note that the exact expressions of SEs are used to compute the SEs. The simulation setup consists of a multicell network with 9 cells as illustrated in Fig. 1 . In addition, we use a wrap-around technique to avoid edge effects. We assume that the BSs are located in a 1 km 2 area. Each BS serves two CUs which are randomly distributed with uniform distribution in the BS's coverage area. The network contains 10 D2D pairs randomly distributed in the coverage area with uniform distribution. Since the pairs are distributed randomly, some cells will be more affected by D2D interference than others. We further assume that the distance between the transmitter and receiver of each D2D pair is 10 meters. We use the three-slope path-loss model from [17] to model the large-scale fading in the network and the parameters of this model is chosen from [18] . This model contains two reference distance d 0 and d 1 , that are chosen to be 10 and 50 meters, respectively. The carrier frequency is 2 GHz, the bandwidth is 20 MHz and the coherence interval contains 200 symbols. The total number of pilots assigned for D2D pairs is 5, where each D2D pair picks one of them randomly. In addition, the noise variance is set to −94 dBm and the maximum transmit power of the CUs and D2D transmitters are chosen to be 200 mW for both pilot and data transmission. All users transmit their pilot with maximum power and we perform power control for data transmission. The performance of the proposed power control scheme is compared with the case without D2D pairs for ZF processing at all BSs. In addition, we provide result for the case of maximum power transmission at both D2D transmitters and CUs. Fig. 2 shows simulation results in terms of the cumulative distribution function (CDF) of the SE of a typical CU k. It can be seen that the performance of our proposed algorithm is almost the same as in the case without D2D underlaying, thus the power control can efficiently mitigate the D2D interference. Comparing these results with the case of maximum power transmission, max-min power control improves the performance of the 10% weakest users which is the goal of max-min fairness power control. Note that some fortunate users can get very high SE with maximum power transmission, but we did not show the results for values above 6 b/s/Hz, since current standards do not support higher SEs than that. The gain of our proposed power control for D2D underlay is further shown in Fig. 3 , where we compare the sum SE of the network for the D2D underlay case with the case of only cellular communication without D2D underlay. As we can see in this figure, the sum SE is higher with D2D underlaying. This is due to the fact that we have more active users in the network. We can conclude that D2D underlaying multi-cell massive MIMO enhances the SE compared to conventional massive MIMO systems.
VI. CONCLUSION
In this paper, we have presented a framework for pilot allocation in multi-cell Massive MIMO systems with D2D underlay. To enable interference mitigation at the cellular BSs, different orthogonal sets of pilots were used for cellular and D2D communication. We have shown how to estimate the channels in this setup and computed SE expressions for all users in the system using either MR or ZF processing. The proposed power control algorithm for max-min fairness optimization can effectively limit the interference between CUs and D2D pairs to enable D2D underlaying with limited performance degradation for the CUs.
